Study Design. This was a retrospective study focusing on dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) to assess treatment response in patients with spinal metastases. Objective. To demonstrate DCE-MRI changes before and after radiation treatment and correlating with other imaging and clinical fi ndings. Summary of Background Data. Currently, conventional imaging is limited in evaluating early treatment success or failure, which impacts patient care. Methods. Consecutive patients with known spinal metastases underwent DCE-MRI before and after radiotherapy. Perfusion data on 19 lesions were analyzed. Radiotherapy was classifi ed as success (n = 17) or failure (n = 2) on the basis of evidence of tumor contraction (n = 4), negative positron emission tomography (n = 2), or stability for more than 11 months (n = 11). Perfusion parameters blood plasma volume ( V p ), time-dependent leakage ( K trans ), area under the curve, and peak enhancement were derived from the signal intensity-time curves and changes in parameter values from pre-to post-treatment were calculated. Curve morphologies were also qualitatively assessed in 13 pre-and 13 post-treatment scans. Results. V p was the strongest predictor of treatment response (false-positive rate = 9.38 × 10 − 9 and false-negative rate = 0.055). All successfully treated lesions showed decreases in V p , and the 2 treatment failures showed drastic increases in V p . Changes in area under the curve and peak enhancement demonstrated similar From the
The skeletal system is the third most common site of cancer metastasis after the lung and the liver, and the most common site of skeletal involvement is the spine. 1 Spinal metastases develop and cause substantial morbidity in 5% to 10% of patients with cancer. Magnetic resonance imaging (MRI) has become the "gold standard" imaging modality for the detection and evaluation of spinal neoplasms. 2 Images acquired using T1-weighted and short-tau inversion recovery sequences allow very accurate detection of spinal metastases 3 but are limited for the purpose of treatment follow-up. 4 -7 New contrast mechanisms have emerged in recent years that enable the investigation of physiological parameters. In particular, dynamic contrast-enhanced (DCE) MRI perfusion imaging provides functional information on tumor vascularity and hemodynamics. This technique involves rapid intravenous injection of gadolinium diethylene triamine pentaacetic acid (Gd-DTPA), measured with a dynamic T1-weighted imaging sequence. Pharmacokinetic modeling of contrast agent uptake is applied to the measured signal intensity changes ( Δ SI) over time, allowing for the quantitative estimation of vascular characteristics. In a 2-compartment kinetic model 8 -10 based on the exchange of contrast between the vascular and interstitial spaces, contrast agent is initially assumed relationships to the observed treatment response, whereas changes in K trans showed no signifi cant relationship. Signal intensity curve morphologies also demonstrated specifi city for active disease (11 of 13) and treated disease (8 of 13). Conclusion. Changes in perfusion, particularly V p , refl ect tumor responses to radiotherapy in spinal bone metastases. These changes were able to predict positive outcomes earlier than 6 months after treatment in 16 of 17 tumors. The ability of DCE-MRI to detect early treatment response has the potential to improve patient care and outcome. Key words: spinal metastases , perfusion , dynamic contrastenhanced (DCE) MRI , radiotherapy , permeability , plasma volume . Spine 2013;38:E1418-E1424 Spine www.spinejournal.com E1419 to be distributed in the blood plasma volume ( V p ), with a time-dependent leakage ( K trans ) into the interstitial space. The relationship between these kinetic parameters and the Δ SI on dynamic imaging is mathematically determined and thus provides quantitative estimation of vascular characteristics-for instance, V p estimates tumor vascularity and K trans estimates vessel permeability. Additional parameters such as peak enhancement (PE) and area under the curve (AUC) are also derived directly from the SI curve and characterize the infl ux of contrast to the region of interest.
There are no established functional imaging criteria for the assessment of response of metastatic bone lesions. This study examines 2 model-based perfusion parameters, K trans and V p , as well as SI curve descriptors PE and AUC. We hypothesize that these parameters will change signifi cantly in spine metastases after irradiation and that the changes in perfusion will be signifi cantly different in cases of treatment success versus treatment failure.
MATERIALS AND METHODS
This retrospective study was granted a waiver of authorization from the institutional review board in full compliance with Health Insurance Portability and Accountability Act regulations. Consecutive patients with known spinal metastases underwent DCE-MRI in addition to the routine MRI assessment from January 2008 to March 2011. Patients who received external beam radiation therapy were eligible for this study. Those who underwent surgery or kyphoplasty in the area of interest were also excluded. DCE-MRI data were analyzed for 19 tumors from 15 patients. Seventeen tumors from 13 patients were classifi ed as cases of successful treatment. Treatment success was assessed by evidence of tumor contraction, negative positron emission tomographic-computed tomographicscan, or long-term tumor stability. Contraction of a lesion on MRI was defi ned as either decreased size of the outer borders of the abnormal signal lesion or increasing treatment changes within the lesion such as areas of normalizing marrow signal or fat (n = 4). Normalization of fl udeoxyglucose uptake defi ned treatment success if the MRI fi ndings were equivocal (n = 2). For lesions that remained stable both in size and in internal SI, more than 11 months without change was used to determine treatment success (n = 11). Two lesions from 2 patients progressed despite radiotherapy and were classifi ed as treatment failures. For each tumor, postprocessing analysis was performed on the pre-and posttreatment scans closest to the time of radiotherapy. Table 1 lists scanning time intervals, primary neoplasms, and details on tumor status for each lesion.
MRI studies were acquired with a 1.5T scanner (GE Healthcare, Milwaukee, WI), using an 8-channel cervicalthoracic-lumbar surface spinal coil. Routine MRI assessment involved axial and sagittal T1 (repetition time [TR] = 400 ms, echo delay time [TE] = 14 ms) and T2 (TR = 3000 ms, TE = 131 ms), short-tau inversion recovery (TR = 4000 ms, TE = 68 ms, inversion time [TI] = 150 ms) and T1 with DCE, followed by postcontrast T1. T1-weighted DCE-MR images were obtained with 3-dimensional fast spoiled gradient recalled with number of phases = 80, temporal resolution = 6.5 seconds, TR = 3.6 seconds, TE = 1.1 seconds, slice thickness = 10 mm with no gap, fl ip angle = 25 ° , fi eld of view = 34 cm, and matrix size = 256 × 128 in the sagittal plane. The fi rst 5 time points were acquired to establish a precontrast T1 value. At the fi fth acquisition, Gd-DTPA at a dose of 0.1 mmol/kg of body weight was administered at a rate of 2.5 mL/s by power injector.
Data pre-and postprocessing were obtained using dynamic image-processing software (NordicICE: version 2.3; NordicNeuroLab [NNL], Bergen, Norway). Preprocessing steps included background noise removal, spatial and temporal fi ltering, and automatic detection of the arterial input function (AIF) from the aorta. AIF was individually measured in each acquisition of every patient. Proper shape of the AIF curve was verifi ed visually before processing steps continued. The Tofts 2-compartment pharmacokinetic model was applied for calculation of parameters V p and K trans , AUC, and PE. 8 Because anatomic images did not match exactly for all subjects, regions of interest (ROIs) were drawn freehand by the same investigator in the tumor area around hot spots on the perfusion maps, which defi ned regions of higher overall perfusion. If tumor was present in multiple slices, ROI values were determined for each slice and averaged to yield a fi nal parameter value.
Values obtained in each lesion before and after radiotherapy were compared in terms of percent change, calculated as ( Pre − Post ) .100%.
Pre
For each parameter, the difference between the mean percent changes for the treatment-success and treatment-failure groups was assessed using the Mann-Whitney U test (2-tailed) evaluated. This level was achieved after a Bonferroni adjustment. To assess the parameters as predictors of treatment response, we constructed a classifi cation scheme to predict treatment success versus failure. In this scheme, we used Δ parameter = 0 as a cutoff value so that a decrease in the parameter value after radiotherapy ( Δ parameter < 0) predicts treatment success and an increase ( Δ parameter > 0) predicts treatment failure. To assess the sensitivity and specifi city of this classifi cation scheme, we assumed that Δ parameter values are drawn from either of 2 Gaussian distributions: f s ( x ) denotes the probability distribution function of Δ parameter for the treatment-success group and f f ( x ) for the treatmentfailure group. Given a cutoff value of Δ parameter = 0, we used the t statistic to estimate the false-positive probability
The terminology used in this article defi nes a "positive" test result as a prediction of treatment failure and a "negative" test result as a prediction of treatment success.
SI-time curves were also measured in tumor hot spots before and after radiotherapy and compared. From the 17 successfully treated cases, 13 pretreatment SI curves and 13 post-treatment SI curves were assessed (4 pretreatment and 4 post-treatment scans were too short to allow assessment of E1420 www.spinejournal.com October 2013 outfl ow patterns). Curve morphologies in active and treated tumors were examined for similarity to 2 general curve types described previously by Chen et al 11 as specifi c for either metastatic disease or general infl ammation.
RESULTS
Of the 4 parameters ( V p , K trans , AUC, and PE), V p was the best predictor of treatment response ( Figure 1 ). After radiotherapy, a decrease in V p was observed in all 17 successfully treated tumors (mean Δ V p = − 65.66%; range, − 21.31% to − 99.26%). Conversely, drastic increases in V p were demonstrated in the 2 cases of treatment failure ( Δ V p = 145.27% and 206.79%). The difference between the means of Δ V p in the 2 groups was signifi cant ( P = 0.01, 2-tailed). The falsepositive rate of V p as a predictor was 9.38 × 10 − 9 and the false-negative rate was 0.055.
The differences between the means of the treatment success and failure groups for the other 3 parameters reached signifi cance for Δ AUC and Δ PE ( P = 0.02 and P = 0.03, respectively). No signifi cant difference in the means was found for K trans ( P = 0.48, 2-tailed). The false-positive rates for Δ AUC and Δ PE as predictors of treatment success were also quite low (8.51 × 10 − 6 for Δ AUC and 1.79 × 10 − 6 for Δ PE). On the contrary, false-negative rates were higher (0.067 for Δ AUC and 0.288 for Δ PE).
For 1 case ( Figure 2 ), Δ V p detected a positive treatment response within 10 days after treatment-much earlier than stable disease could be suggested by conventional imaging. Perfusion data for the other cases were not acquired so soon after treatment and ranged from 31 to 187 days after radiotherapy. Nevertheless, changes in perfusion predicted treatment success earlier than 6 months after radiotherapy in 16 of 17 tumors-nearly half the follow-up time required to determine successful treatment of a stable tumor on conventional MRI.
Qualitative assessment of 11 of 13 pretreatment scans (active tumors) had SI curves resembling characteristic type D curve (sharp, rapidly rising slope, followed by a downsloping washout phase) of Chen et al , 11 previously found to be specifi c for active metastatic disease. Although some post-treatment curves may resemble curves those of Chen et al , 11 histological heterogeneity and inconsistent intervals of imaging of this retrospective study preclude a meaningful comparison with curves of Chen et al . 11 In contrast, only 2 of 13 post-treatment whereas the other tumor had SI curves that demonstrated the same pattern as the majority of successfully treated tumors (type D in the pretreatment scan and type E in the posttreatment scan). Untreated lesions presumably continue to grow until treatment, so the timing of the pretreatment scan relative to the rate of tumor progression is likely to infl uence the pretreatment perfusion values. We hypothesized that pretreatment scans acquired later in time, or closer to the time of treatment, would show higher relative perfusion values, leading to greater percent decreases in perfusion ( i.e. , Δ V p ) after treatment. Absolute parameter measurements could not be used to compare individual tumors, because they were not all of the same primary origin. Therefore, we compared the time interval before radiotherapy of each pretreatment scan with the eventual change seen in V p after treatment. Figure 5 plots the time before treatment against Δ V p and demonstrates the hypothesized negative relationship between days before radiotherapy and magnitude of Δ V p . Regression analysis shows a signifi cant difference from zero ( P = 0.016), indicating a real infl uence of pretreatment time of acquisition on Δ V p .
DISCUSSION
DCE-MRI with Gd-DTPA has been used to measure perfusion in brain, heart, and several neoplasms. 12 Gd-DTPA-enhanced MRI has been validated for bone perfusion studies of normal and infi ltrated bone. 13 -17 However, to our knowledge, this is the fi rst study to evaluate the use of DCE-MRI in bone marrow for monitoring tumor responses to radiation therapy.
We show that changes in blood perfusion, particularly the vascular parameter V p , refl ect tumor responses to radiation therapy in bone marrow. V p is a measure of intravascular volume, and the decrease in V p observed after radiotherapy likely represents the diminished vascularity of successfully treated lesions. The increase in V p seen in treatment-failure cases supports the observation that progressing bone metastases secrete angiogenesis-inducing factors such as vascular endothelial growth factor, attracting the increased vasculature required for further growth. One outlier from each of Δ K trans , Δ AUC, and Δ PE (seen in the scatter plot as the data points with % change > 150%) was removed prior to statistical analysis. Δ V p , Δ AUC, and Δ PE showed signifi cant differences in means between treatment successes and failures ( P = 0.01 for Δ V p , P = 0.02 for Δ AUC, and P = 0.03 for Δ PE). Δ K trans showed no signifi cant difference in means between treatment successes and failures. AUC indicates area under the curve. Figure 2 . Case of leiomyosarcoma metastasis to the spine. The tumor in L4 is observed to progress between the fi rst and second pretreatment scans on T1-weighted imaging (upper row). No changes in tumor size are apparent on the T1-weighted images on either the fi rst or second post-treatment scans. V p on the contrary (lower row) decreased from 7.30 on the scans 29 days before RT to 3.27 on the scans 10 days after RT (55.12% decrease). On the scans 52 days after RT, a visible reduction on the V p color map can be seen in the region of L4. V p on this day was 0.45 (93.83% decrease from the original pretreatment scans). Perfusion data were not acquired with the pretreatment scans 2 days before RT. Note that the large L3 metastasis is hyperperfused on the pre-treatment scans, which decreases signifi cantly on the post-treatment scans, yet its size and signal characteristics remain the same on the routine MR images. RT indicates radiation treatment.
scans of successfully treated lesions generated SI curves with this pattern. Eight of the 13 post-treatment scans revealed SI curves that resembled the type E curve (wash-in, followed by a second, slower-rising phase), described in the same study as specifi c for general infl ammation ( Figure 3 ) .
The remaining 2 pretreatment and 3 post-treatment curves out of the successfully treated cases all showed curve morphologies of undetermined signifi cance, characterized by an initial rise, followed by a plateau phase. Twelve tumors had adequate scan durations for both the pre-and post-treatment scans and, of these, 5 showed both a type D curve in the pretreatment scan and a type E curve in the post-treatment scan. Of the 2 treatment-failure cases ( Figure 4 ), 1 tumor had SI curves that appeared unchanged in shape from pre-to posttreatment (both showed a rise, followed by a plateau phase),
The parameters AUC and PE estimate relative perfusion changes. However, measurements are imprecise and susceptible to variability in scanning procedures. Because many of the patients in this study had lesions in multiple vertebrae throughout the fi eld of view, it was often diffi cult to draw ROIs in normal marrow for the purpose of normalizing parameters to a ratio of tumor value/normal value. Rather than introduce an additional variable and likely source of error, we used absolute parameter values in the fi nal analysis. However, this could partially account for the less robust fi ndings demonstrated in AUC and PE. The fact that the values obtained for the 2 model-based parameters fell within their respective distributions suggests a nonphysiologic source of the variation. The outlier in K trans was measured in a tumor positioned off midline and quite possibly involving other tissues, for example, the cartilage of the adjacent rib facet joint. The resulting tissue heterogeneity within the ROI might then have contributed to measurements that were not specifi c to the bony area of interest.
K trans estimates the velocity of blood transfer from the vascular compartment to the interstitial space, and it is infl uenced by vessel permeability, surface area, and vascular density. 18 Although our study found the change in K trans to have no correlation to the observed tumor response, K trans is a widely used parameter for assessing tumor vascular properties in the brain and other soft tissues. The discrepancy could exist for several reasons, one being the fundamental difference in vascular physiology between brain and bone tissue. A tumor growing in the brain disrupts endothelial tight junctions of the blood-brain barrier and leads to increased capillary permeability. In bone, however, blood fl ow through sinusoidal capillaries is dynamic and reactive to metabolic activity and controlled transcapillary mineral exchange. Our results agree with studies of bone capillary permeability performed in models of osteoarthritis development, which concluded that signal enhancement in pathologic bone is independent of transvascular movement of Gd into the extravascular intraosseous compartment. 19 Interestingly, a prior DCE-MRI study on irradiated bone marrow in an animal mode 20 reports increased permeability after radiation, corresponding with ultrastructural changes in the blood-bone marrow barrier seen on electron microscopy. Radiation effects unrelated to tumor status may thus account for our fi ndings that 6 of 17 successfully treated tumors showed an increase in permeability after radiotherapy, even when other perfusion Signal intensity (SI) curves measured from an untreated tumor (L1) and a successfully treated tumor (L4) demonstrate distinct morphologies. The SI curve for the untreated tumor displays a sharp, rapidly rising slope, followed by a washout phase (type D curve), whereas the treated tumor SI curve is characterized by an initial rising slope, followed by a second slower rising phase (type E curve). MR indicates magnetic resonance; AU, arbitrary unit. parameters decreased. Future studies are warranted to further characterize the effects of radiation on this particular perfusion parameter.
Regarding the SI curve morphology analysis, the type D curve seen in 11 of 13 pretreatment scans of active tumors and the type E curve seen in 8 of 13 postsuccessful treatment scans may be explained by proposals made in the earlier study 11 : areas packed with viable tumor cells have little interstitial volume and thus demonstrate an early washout. Healing regions of benign injury or, in this case, treated disease might be highly vascular due to the infl ammatory reaction but lack the venous drainage to prevent contrast from sequestering in the interstitial space. With only 2 cases of treatment failure, the observed SI curve patterns in this group are inconclusive; larger sample sizes and longer DCE-MRI measurement times in future studies may allow a more fruitful investigation of the predictive value of qualitative SI curve assessments.
The ability of DCE-MRI to predict treatment success within 6 months for 16 of 17 tumors (and as early as 10 days after radiotherapy in the case with the shortest post-treatment time interval) has clinical implications. The practical advantages to early detection of treatment response are numerous: identifi cation of poor responders at an early stage would lead to timely treatment modifi cation and potentially improved outcome. Likewise, stress and costs endured by successfully treated patients would be reduced by early recognition of positive response. Presently, a determination of successful treatment can be confi rmed only by stability of fi ndings on multiple scans during a very prolonged period of time. The early decrease in the perfusion parameter V p consistently observed in good responders suggests a role for DCE-MRI as a predictive marker for treatment outcome.
Larger sample sizes, especially of the treatment-failure group, will permit receiver operator characteristic analysis and more defi nitive estimation of the predictive value of various parameters. The sample size was limited in this study, because only subjects who received external beam radiotherapy obtained pre-and post-treatment scans with high temporal resolution and no complicating surgical procedures were included. To apply a pharmacokinetic model for quantitative analysis, both the precontrast T1 value and AIF must be accurately measured. In the design of DCE-MRI studies, competing demands for high spatial resolution, coverage, and signal-to-noise often result in inadequate temporal resolution for reliable measurement of the AIF. Saturation effects and mis-sampling can affect the AIF time course and initial contrast bolus, and dispersion of the AIF before it reaches the ROI can also affect DCE-MRI quantifi cation. In addition, the precise mechanism leading to the perfusion differences between successfully and unsuccessfully treated tumors has not been elucidated, and it is probable that the perfusion changes refl ect a combination of radiation-and therapy-induced changes, healing bone, and reconstitution of hematopoietic marrow. However, given that successfully and unsuccessfully treated tumors could be differentiated by the perfusion changes by a statistically signifi cant margin in our patient population, the results are meaningful regardless of the precise mechanism. The heterogeneity of histology and inconsistent follow-up MRI examinations are unavoidable limitations of this retrospective study. Further study to isolate the different components of healing bone response and serial DCE-MRI studies at constant and frequent intervals would be useful.
CONCLUSION
Changes in blood perfusion refl ect tumor responses to radiation therapy in bone marrow. We show that quantitative evaluation of DCE-MRI has the ability to detect vascular treatment responses. Perfusion imaging has the potential to serve as a noninvasive predictive marker of treatment efficacy, and our results suggest that tumor responses observed by DCE-MRI may predate conventional response parameters that rely on morphological changes. The prognostic value of DCE-MRI in detecting early treatment response has potential clinical use and may signifi cantly impact patient care outcomes.
➢ Key Points
All successfully treated lesions showed decreases in plasma volume ( V p ), and the 2 treatment failures showed drastic increases in V p .
Changes in AUC and PE demonstrated similar relationships to the observed treatment response, whereas changes in K trans showed no signifi cant relationship. SI curve morphologies also demonstrated specifi city for active disease (11 of 13) and treated disease (8 of 13). The ability of DCE-MRI to detect early treatment response has prognostic value and the potential to improve patient care and outcome.
